Using (331)B GaAs templates with nanoscale fluctuations, we have fabricated InGaAs/GaAs quantum wires ͑QWRs͒ with a density of ϳ2.0ϫ10
Low-dimensional quantum wells ͑QWs͒, quantum wires ͑QWRs͒, and quantum dots ͑QDs͒, are important quantum systems for both the study of fundamental physics and the potential applications in optoelectronic devices. Among these nanostructures, the one-dimensional ͑1D͒ QWRs are the smallest dimensional structures that can be used for efficient transport of electrons, and also as polarization-sensitive nanoscale photodetectors that may be useful in various fields. 1 Compared with the well-fabricated and -studied twodimensional ͑2D͒ QWs and zero-dimensional ͑0D͒ QDs, the 1D QWRs have only become the focus of intensive investigations recently. This is partly due to the reason that fabrication of 1D QWRs has always been a challenge for crystal growth technology since a higher structural ordering is required, and also the underlying mechanisms for anisotropic growth along one direction are still not completely understood. 2 In the past decade, many methods have been adopted to fabricate semiconductor QWRs, in which self-organized growth is one of the most promising approaches since it can effectively avoid the processing damage and contamination that might be introduced by some other fabrication processes, such as ultrafine lithography and chemical etching. Specifically, molecular beam epitaxy ͑MBE͒ growth of selforganized InGaAs/GaAs QWRs on high-index GaAs substrates has been shown to be an easy process to fabricate QWR structures with high lateral density, high uniformity, and high optical quality. [3] [4] [5] Basically, in the conventional process of growing narrow InGaAs/GaAs QWs, 4,5 the use of a high-index substrate would result in a flat, lower interface and a corrugated upper interface, which may act as lateral potentials for the carriers, hence, the formation of 1D QWRs. The realization of ordered QWR structures can be attributed to the surface reconstruction or atomic rearrangement observed on high-index surfaces with a high density of multiatomic steps or microfacets. 6 In our previous work, 7 we observed that GaAs (331)A and (331)B surfaces are both faceted on a nanometer scale, containing ͑110͒ and ͑111͒ facets, and it was further proposed that the resulting highly anisotropic ridge-like surfaces could be used in the fabrication of high-quality and highdensity QWR structures. Here, we report the MBE growth of InGaAs/GaAs QWRs on high-index (331)B GaAs templates with nanoscale fluctuations. Photoluminescence ͑PL͒ from these QWR structures at 8 K shows the degree of polarization to be as high as ϳ28%, which indicates good 1D carrier confinement. The density of these QWRs is estimated to be ϳ2.0ϫ10
6 cm Ϫ1 , which meets the requirement of high optical gain for laser applications. 3, 5 In the samples with weak lateral confinement, we observed thermal delocalization of carriers from the one-dimensional QWR states to the twodimensional quantum-well states with increasing temperature, which is almost absent in the QWR samples with strong lateral confinement.
The samples used in our experiment were grown using a solid source MBE system ͑Riber 32͒ under an As beam equivalent pressure of 1ϫ10 Ϫ5 Torr. The surface evolution during MBE growth was characterized by in situ reflection high-energy electron diffraction ͑RHEED͒ and scanning tunneling microscopy ͑STM͒. A GaAs buffer layer, with a thickness of 500 nm, was first grown on the n-type GaAs (331)B substrate at a temperature of 610°C. As shown in the bottom of Fig. 1 , the resulting surface morphology, with straight ridge-like corrugation bounded by the ͑111͒ and ͑110͒ facets, was quenched to 540°C as a template for the subsequent InGaAs overgrowth. The surface corrugation has an average lateral periodicity of ϳ5.0 nm with a vertical amplitude of ϳ1.0 nm. A detailed description of preparing such (331)B GaAs templates with nanoscale fluctuations can be found in Ref. 7 . During the InGaAs overgrowth at 540°C, atomically flat surfaces were developed for all the samples with different deposition thickness ͑Ͼ1.0 nm͒, as monitored from the RHEED patterns and STM images. Finally, a 20 nm GaAs cap layer was grown at 540°C for each sample to maintain the smooth InGaAs surface configuration. The QWR structures are thus formed at thick parts in the InGaAs/GaAs QW with a corrugated bottom InGaAs-on-GaAs interface and a smooth top GaAs-on-InGaAs interface, which is schematically shown in Fig. 1 In preparing these QWR structures, two sets ͑A and B͒ of samples were grown with In content of 10% and 20%, respectively. In set A, three samples A1, A2, and A3 were grown with nominal In 0.1 Ga 0.9 As thicknesses of 1.5, 3.0, and 6.0 nm, respectively; while in set B, another two samples B1 and B2 were grown with In 0.2 Ga 0.8 As thicknesses of 3.0 and 20 nm, respectively. Depending on the In content and the InGaAs thickness, different quantum confinements are expected.
The PL measurements were performed in a variabletemperature ͑8 -300 K͒ closed-cycle helium cryostat. The 532 nm line from a double Nd:YAG laser was used for continuous-wave PL excitation. The laser spot diameter was ϳ50 m and the typical excitation power was ϳ2 mW. The PL signal from the sample was dispersed by a monochromator and detected by a photomultiplier tube. In order to eliminate the effect of polarization dependence of the grating, a quartz depolarizer was inserted into the optical axis for polarized PL measurements.
The PL measurements were made at ϳ8 K for the three samples A1, A2, and A3 with a common In content of 10% and nominal InGaAs thicknesses of 1.5, 3.0, and 6.0 nm, respectively. As shown in Fig. 2 , for sample A1, the emission from the QWR structures was very weak and appeared only as a small shoulder on the low-energy side of the PL emission from the GaAs substrate. For sample A2, a small PL peak began to emerge, but was still not well separated from that of the GaAs substrate. The above results imply that due to the low In content and the small InGaAs thickness, confinement of carriers to the QWR structures is really weak even at a low temperature of ϳ8 K. After laser excitation, the carriers within the QWR structures can diffuse easily to the surrounding GaAs substrate, resulting in poor PL spectra for both the A1 and A2 samples. For sample A3, we used a nominal InGaAs thickness of 6.0 nm, so the confinement of carriers should be further enhanced, which was verified by the strong PL emission from the QWR structures shown in Fig. 2 . Now, the emission peak shifted further towards the low-energy side, and the emission intensity increased to nearly ten times that of the GaAs substrate.
The polarization anisotropy ͑PA͒ is defined as (I ʈ ϪI Ќ )/(I ʈ ϩI Ќ ), in which I ʈ and I Ќ are the wavelengthintegrated PL intensities with the polarization parallel and perpendicular to the direction (͓11 0͔) of the QWRs, respectively. To confirm whether the carriers in the as-grown InGaAs/GaAs QWRs, indeed, endure 1D lateral confinement, we performed a linear polarization-dependent PL measurement for sample A3 at 8 K. As calculated from the two polarized PL spectra represented in Fig. 3 , the PA of the QWRs is ϳ21%, while for the PL emission from the GaAs substrate, almost no polarization dependence was found. So, the 1D InGaAs/GaAs QWRs, with the structures shown in Fig. 1 , are really formed on the (331)B GaAs substrate with nanoscale fluctuations.
An intriguing result was observed in sample A3 when we measured the temperature dependence of the PA, which decreased from ϳ21% at 8 K to ϳ13% at 95 K, as shown in the inset of Fig. 3 . We attribute this kind of polarization behavior to the thermal delocalization of carriers from the 1D QWR states to the 2D QW states with the increasing temperature. Since the exciton wave function can lower its energy by spatially expanding, 11 the realization of QWRs in our samples is due to the nanoscale fluctuations of the bottom InGaAs/GaAs interface and the corresponding exciton localization to the thick part of the QW. When the temperature is increased, the localized carriers would obtain enough thermal energy to overcome the 1D confinement of the lateral potential and move easily within the whole 2D QW, which should cause a decrease in the PA. The above process is very similar to one recent observation of metamorphosis of a QWR into QDs in studying the temperature-dependent PL of one single cleaved-edge-overgrowth QWR. 11 In this earlier work, it was found that, due to the monolayer thickness fluctuations along the QWR, the excitons were sparsely localized in 0D QD states at low temperatures. When the temperature was increased, the localized 0D excitons were thermally activated to migrate along the whole 1D QWR, losing the 0D features of spectrally sharp, spatially localized emission peaks. 11 In fact, exciton delocalization from 1D QWR states to 2D QW states was reported in previous works using temperature-dependent time-resolved PL measurements in InGaAs/GaAs QWR structures conventionally grown on a (553)B GaAs substrate. 10 However, no temperature dependence of the PA has been studied/reported in QWR structures conventionally grown from the interface corrugation of narrow QWs on high-index GaAs substrates. 4, 8, 9 On the other hand, it has been shown that the PA was independent of sample temperature in other QWR systems, such as InP/ InAs/InP QWRs grown on top of InP substrates. 12 To reinforce the lateral confinement of carriers in 1D QWR structures, we fabricated sample B1 with a nominal InGaAs thickness of 3.0 nm and a higher In content of 20%. As represented in the inset of Fig. 4 , at 8 K, sample B1 already shows a PL emission well separated from, and much stronger than, that of the GaAs substrate. This is in sharp contrast to the PL result ͑see Fig. 2͒ obtained from sample A2 with the same InGaAs thickness, which confirms that the higher In content used in the QWR structures really results in a stronger lateral confinement of carriers as we expected. To further verify this enhanced lateral confinement, we measured the PA for sample B1 with increasing temperature. As seen from Fig. 4 , the PA now only has a weak decreasing trend with increasing temperature. Compared with the maximum value of ϳ28% below 20 K, the PA of sample B1 at 100 K is ϳ23%, which is still higher than the value of ϳ21% measured at 8 K for sample A3.
Finally, using the same In content of 20% as in sample B1, but a much thicker InGaAs deposition of 20 nm, we also fabricated a reference sample B2, whose PL spectrum at 8 K is shown in the inset of Fig. 4 . For this sample, the ridge-like corrugation of 1.0 nm on the surface of the GaAs (331)B template is too small compared to the InGaAs thickness of 20 nm, so a QW-like behavior should be expected, 10 which was verified by the measured PA of Ͻ5% at 8 K ͑shown at the lower-left corner of Fig. 4͒ . The residual small degree of polarization might be originating from the 1.0 nm InGaAs/ GaAs interface corrugation.
In conclusion, we have fabricated and optically characterized InGaAs/GaAs QWRs formed on (331)B GaAs templates with nanoscale fluctuations. The measured PA of ϳ28% for sample B1 at 8 K is comparable to, if not higher than, other values reported for InGaAs/GaAs QWRs conventionally grown on high index GaAs substrates. 3, 4, 8, 10 When considering the lateral periodicity of ϳ5.0 nm for the surface corrugation of GaAs (331)B substrates, the density of ϳ2.0ϫ10 6 cm Ϫ1 is only a little less than the highest value 5 for all the QWRs ever fabricated, which will be very useful for achieving a high optical gain in laser applications. We believe that further improvement of the (331)B GaAs template would render the great ability to control the position, size, and density of InGaAs/GaAs QWRs, and finally, pave the way towards high-quality device applications.
